We perform spherically symmetric simulations of the core collapse of a single progenitor star of zero age main sequence mass M ZAMS = 15 M with two models of heavy sterile neutrinos in the mass range of hundred MeV/c 2 . According to both models, these hypothetical particles are copiously produced in the center, stream outwards a subsequently decay releasing energy into final states (including neutrinos) of the Standard Model. We find that they can lead to a successful explosion in otherwise non-exploding progenitors. Depending on their unknown parameters (e.g., mass and coupling constants with matter), we obtain either no explosion or an explosion of one of two types, i.e., through heating of gas downstream of the stalled shock wave, similarly to the standard scenario for supernova explosions or through heating of gas at higher radii that ejects matter from the outer core or the envelope while the center continues to accrete matter. In both cases, the explosion energies can be very high. We presume that this new type of explosion would produce an electromagnetic signal that significantly differs from common events because of the relative absence of heavy elements in the ejecta. The combination of core-collapse simulations and astrophysical observations may further constrain the parameters of the sterile neutrinos.
I. INTRODUCTION
Although neutrinos are a fundamental ingredient of the Standard Model (SM), it has only been during the last decades that detectors have reached the sensitivity and statistics required to study their properties. Today, we have a basic scheme of mass differences and mixings among the three flavors that provides a good fit to the data, but some fundamental questions like their absolute mass and hierarchy, their Dirac or Majorana nature or even the existence of additional sterile modes remain unanswered. In particular, the presence of some persistent anomalies in reactor [1] , Gallium [2] and baseline [3] [4] [5] experiments underlines the possibility of a non-minimal neutrino sector [6] .
Despite their weak couplings, cosmology and astrophysics probe the properties of neutrinos in a variety of energy ranges. In the early universe, neutrinos were in thermal equilibrium with matter at the temperature T > 1 MeV/k B ≈ 10 10 K, 1 whereas in stars like the Sun, they are copiously produced through nuclear reactions. Proto-neutron stars (PNSs) formed during the core-collapse previous to a supernova explosion are another testing ground for the physics in this sector. During a 10-20 s period they reach large densities and temperatures exceeding ∼30 MeV/k B , and their long-term evolution is also sensitive to the presence of any long-lived exotic particles with sub-GeV/c 2 mass [7] [8] [9] [10] . In general, to avoid experimental bounds, the coupling of these hypothetical particles to matter must be very weak. This implies that, if produced in a PNS, they tend to escape faster than standard neutrinos, adding a source of energy loss that shortens the cooling time and the duration of the neutrino signal from a supernova explosion. That argument has been used to set stringent limits on models 1 We use Heaviside-Lorentz units with explicitly written c, , and k B (the speed of light, the reduced Planck constant, and the Boltzmann constant, respectively).
with axions, sterile neutrinos or Kaluza-Klein excitations of the graviton [11] .
On the other hand, current simulations of supernova explosions seem to face a generic difficulty. Once the core exhausts all the nuclear fuel and collapses, most simulations predict the appearance of a stalled shock-front at a few hundred km from the core. A successful supernova explosion requires then that a significant fraction of the energy in the PNS be transferred to the gas behind the shock-front. The current standard supernova model is based on the fact that (active) neutrinos streaming out of the PNS deposit energy in the semitransparent post-shock layer. Simulations show that neutrino heating alone does not suffice to revive the stalled shock in most stars. Several of these cases produce an explosion if the efficiency of heating is enhanced by non-spherical flows. Currently, open problems include the conditions for triggering an explosion by this mechanism, the range of explosion energies and ejecta masses that can be achieved, and whether or not previous successes from axisymmetric modelling can be reproduced by the recently started, computationally much more demanding three-dimensional (3D) simulations (for a review, see e.g., [12, 13] ). Other mechanisms such as magnetorotational explosions have been considered [14, 15] . However, in contrast to neutrino heating, which prevails in any postcollapse core, they rely on conditions (i.e. rapid rotation or strong magnetic fields) that only are present in a small class of progenitors.
A parallel line of research considers the potential of variations of the input from nuclear and particle physics to resolve these open questions. Some of these variations involve effects that are confirmed by particle physics, but whose uncertainties or numerical complexities so far prevented their implementation in supernova simulations, like the production of muons [16] or neutrino flavor oscillations (for a review, see [17] ). Others explore more speculative modifications to the standard microphysics such as the phase transition to quark matter at high densities, which is capable of producing explosions even in spherical symmetry [18] .
In this context, sterile neutrinos [19] are another interesting possibility. These neutrinos are SM singlets with neither gauge nor Yukawa interactions with standard quarks and leptons. However, as we detail in the next section, they may couple to matter through mixing with the active neutrinos or through one-loop diagrams involving charged particles in the TeV/c 2 mass range. Sterile neutrinos in the keV/c 2 mass range could be copiously produced in the core. For m s ∼ 100 keV/c 2 (where "s" stands for sterile neutrino), the vacuum mixing angle of sterile neutrinos is stringently constrained sin 2 (2θ) 10 −9 in order to avoid excessive energy loss [10] or to generate supernova asymmetries resulting in large pulsar kicks [20] (on alternative explanations for neutron star kicks, see, e.g. [21] ). In the range 10 MeV/c 2 m h m K (where "h" stands for heavy sterile neutrino, and m K is the Kaon mass), the constraints predominantly come from reactor anomalies and decays of pions and kaons. Furthermore, sterile neutrinos have been considered as a warm dark matter candidate [10, [22] [23] [24] [25] , or as the origin of the 3.5 keV line observed in X-ray telescopes [26] [27] [28] . Here, we investigate the possible effects on the dynamics of supernova explosions and of the remnant PNSs of two such heavy sterile models: FKP of Fuller et al. [29] and AMP of Albertus et al. [30] . The models include a sterile neutrino ν h that has a relatively large mass (m h ≈ 200 MeV/c 2 in FKP and m h ≈ 50 MeV/c 2 in AMP) and is unstable (τ h ≈ 100 ms in FKP and τ h ≈ 1 ms in AMP). In both cases, the ν h is much heavier and shorter lived than the sterile neutrinos usually considered in oscillation analyses [31] . Notice that, once they are produced in a PNS, a lifetime longer than τ h > 1 s would imply that the sterile neutrinos escape the central regions of the star but decay too far outside to have an impact on the dynamics of the regions where the stalled shock wave is revived, whereas for τ h < 10 −7 s, they are unable to scape and are just reabsorbed by the core. The latter possibility may, however, have some impact on the core dynamics, since sterile neutrinos may add another channel to homogenize the core entropy and, therefore, damp convective instabilities. The lifetimes proposed in the two models evade cosmological bounds (the heavy neutrinos decay before primordial nucleosynthesis) and do not significantly affect stars like the Sun (they are too heavy to be produced there). However, as discussed in [29, 30] , these neutrinos may play a role in the transfer of energy to the stalled shock front during a supernova explosion. Using the numerical code Aenus [32, 33] , we will study quantitatively if this is the case and will estimate the optimal value of the parameters in the models in order to facilitate the SN explosion.
The manuscript is structured as follows. In Section II, we describe the models that we consider in this work. In Section III, we explain how to incorporate the production and the transport of the heavy sterile neutrinos in our 1D core-collapse supernova (CCSN) simulations. In Section IV, we present our results, studying their dependence on the parameters of the models, and we conclude in Sec. V. In the Appendix, we provide tables detailing the production rate of sterile neutrinos as a function of temperature, electron chemical potential and sterile mass for the AMP model as well as discuss approximations that we made when calculating opacities of sterile neutrinos.
II. HEAVY STERILE NEUTRINO MODELS
Consider an SU(2) L -singlet Dirac neutrino ν h much heavier than the active ones. We may denote by N and N c the twocomponent spinors that define ν h :
After the breaking of the electroweak symmetry, this sterile neutrino may mix with an active one, ν, that may correspond to a single flavor or to a combination of flavors. The result is a mass eigenstate, ν h = (N N c ) with
that inherits the gauge couplings of ν but suppressed by a factor of sin θ. Integrating out the W and Z bosons, we obtain the dimension-6 operators
where
is the Fermi constant , γ µ are the standard Dirac matrices, γ 5 = iγ 0 γ 1 γ 2 γ 3 , C V and C A are the vector and axial coupling constants, respectively, and we have dropped the prime to indicate mass eigenstates. Furthermore, is the charged lepton belonging to the same family as ν, and ( f f ) are standard fermions in the same SU(2) L doublet. These couplings imply the decays ν h → ννν and, if kinematically possible, ν h → νπ 0 , − π + , − + ν, whereas the dominant production channel in a PNS could beνν →νν h [29] . Changing N →Ñ, E →Ẽ and m E → mẼ E we obtain an electromagnetic dipole transition µ tr between ν (the active neutrino mixed withÑ) and ν h .
The sterile neutrino ν h , however, may also obtain a different type of couplings: dimension-5 operators generated not by mixing but through one-loop diagrams involving massive charged particles [6] . Let us be more specific. Suppose that at the TeV scale, we have a left-right (L−R) symmetric extension of the SM, and that the spinors N and N c come in SU(2) R doublets together with a charged lepton:
The breaking of the L−R symmetry may then result into a very massive charged lepton, m E ≈ 1 TeV/c 2 , and a much lighter sterile neutrino, m h = 0.01-1 GeV/c 2 . In this case, diagrams like the one in Fig. 1 will generate a magnetic dipole moment µ h for ν h that is suppressed by only one power of the L−R scale [34] :
where σ µν = i[γ µ , γ ν ]/2. Moreover, the possible mixing of a different sterileν h (that could have a TeV/c 2 mass) with the active neutrino ν may generate an electromagnetic dipole transition µ tr between ν h and ν of the same order even if the ν ν h mixing is negligible:
These couplings will introduce photon-mediated interactions of the sterile neutrino ν h with the standard quarks and leptons. In particular, the dominant production channel in a PNS is expected to be e + e − →ν h ν h , whereas ν h will decay ν h → ν γ [35] .
As mentioned, for a 1-500 MeV/c 2 heavy neutrino, the dominant bounds on any model come from cosmology and from data on the (semi)leptonic decays of mesons (pions, kaons, heavy mesons) and charged leptons. In all the cases of interest its lifetime must be τ h < 0.2 s [36] , so that in the early universe sterile neutrinos decay before primordial nucleosynthesis. If the lifetime is longer than 10 −7 s the heavy neutrino becomes quasi-stable in laboratory experiments, i.e., it tends to decay after crossing any detector. ν h may then appear instead of the active ν in a fraction O(sin 2 θ ≈ |U ih | 2 ) of meson and muon decays. Notice that the larger the mass the more ν h may upset the kinematics in the process.
Masses m h ≤ 30 MeV/c 2 are constrained only when ν h is mixed with the electron flavor: π + → e + ν puts bounds |U eh | 2 ≤ 10 −6 at TRIUMF [37] , with even stronger bounds for masses up to 130 MeV/c 2 . At m h = 30-80 MeV/c 2 muon decays constrain the mixing with the ν µ : |U µh | 2 ≤ 10 −3 (see discussion in [35] ). This mixing is very constrained by recent analyses [38, 39] : |U µh | 2 ≤ 10 −8 at m h = 200-300 MeV/c 2 [38] and |U µh | 2 ≤ 2 × 10 −7 at m h = 300-400 MeV/c 2 [39] . Combined with bounds from cosmology, these limits basically exclude the muon possibility in the FKP model. The bounds on the mixing with the tau flavor, from D s meson and τ decays, are much weaker: around |U τh | 2 ≤ 10 −4 for m h > 160 MeV/c 2 [40] . As for the dimension-6 operators, for a 10 −7 -0.1 s lifetime the heavy neutrino becomes invisible at colliders (no bounds on µ h and µ tr ) when the mixings vanish. In this limit, any purely electromagnetic process giving these neutrinos will be shadowed by an analogous Z-mediated process involving light neutrinos. In addition, the dominant decay mode ν h → νγ may relax the bounds on the mixings [35] and provide an explanation for the MiniBooNE anomaly [41] .
A. FKP model
The heavy neutrino proposed in [29] interacts with matter through W ± , Z boson exchange, with couplings generated through mixing (sin 2 θ = 10 −8 -10 −7 ) with the ν τ flavors. We set m h = 200 MeV/c 2 as the reference value for the mass. The main decay channel is ν h → ν τ π 0 → ν τ γγ, with a lifetime
where m π = 135 MeV/c 2 . In the hot PNS this ν h will be produced predominantly through electron-positron or neutrino pair annihilation:f
with f = e, ν τ . A fit of the differential luminosity in sterile neutrinos gives
and rewrite Eq. (9) as
The parameter q FKP can be interpreted as a production rate efficiency w.r.t. the default value sin 2 θ = 5 · 10 −8 . The heavy neutrinos will appear with a typical Lorentz factor of γ h 1.5 (see Eq. B3) , and their couplings to matter are so small that, once produced, they escape the core unscattered. Therefore, the only effect to consider as a ν h propagates is its possible decay ν h → ν τ γγ on a timescale given by Eq. (7). The initial energy carried by the heavy neutrino will be shared by the active ν τ and the two photons (that result from the decay of the neutral pion) which will take a fraction
of energy.
B. AMP model
In the AMP model [30] , the dominant interactions of ν h with matter are electromagnetic. A magnetic dipole moment (the superindex indicates the reference value)
where µ B ≡ e /(2m e c) is the Bohr magneton with e being the elementary charge, implies that the dominant production channel in PNSs is
The main decay mode, ν h → ν µ,τ γ, defines a lifetime
for the assumed reference value
of the dipole transition.
The coupling µ tr also allows active to sterile transitions mediated by a photon and catalyzed by the presence of charged particles in the medium: ν µ,τ X → ν h X where X = p, e. However, this contribution can be neglected since µ tr < µ h and in the PNS the number density of ν µ,τ is much smaller than that of electrons. The production rate of sterile neutrinos is
where Q TAB (m h , µ e , T ) is given by Tab. II (Appendix A). Note that the tabulated values are more precise than the original fit deduced in Eq. (24) of [30] . We define
and rewrite Eq. (17) as
The parameter q AMP can be interpreted as a production rate efficiency w.r.t. the default value µ h = µ ref h . An important difference with respect to the FKP model is that AMP neutrinos will not leave the PNS unscattered. The reason is that their cross section with matter, although much smaller that the ones involving active neutrinos, are nonnegligible. In particular, the propagation of ν h is affected by the following three processes:
1. The elastic scattering with protons. The approximate cross section for this process is [30] σ s ≈ 7.
We can neglect the ν h scattering off electrons as the effect is only important for very energetic electrons, and due to Fermi-blocking such reactions will be reduced.
2. The capture through inelastic collisions with charged particles: ν h X → ν µ,τ X, with X = p, e. The cross section is given by
with a p = 0.9 and a e = 2.1 for proton and electron, respectively.
3. The decay (with the lifetime given by Eq. 15) into an active neutrino plus a photon, ν h → ν µ,τ γ that will take a fraction
of the energy.
III. THE CODE A. Hydrodynamics and active neutrinos
We added modules for evolving sterile neutrinos to a code developed for solving the coupled system of special relativistic (magneto-)hydrodynamics (MHD) and active-neutrino transport [33] that was used before in multidimensional supernova modelling [e.g. 15, 42] . The methods for solving hyperbolic equations, i.e. high-order spatial reconstruction, and explicit Runge-Kutta (RK) time integration, are the basis for a very high accuracy of the solution of the MHD equations [43] . In the simulations presented in this paper, we use a monotonicity-preserving scheme of the 5th order (MP5; [44] ), a 3rd-order RK time integrator, and the HLL Riemann solver [45] The equations can be closed by any (tabulated) equation of state (EOS). Here, the EOS of [46] (LS-220) with an incompressibility modulus of 220 MeV is used. We add the fluid self-gravity using a quasi-relativistic potential (case 'A' of [47] ).
The active neutrinos are treated in the spectral, i.e. energydependent, hyperbolic two-moment formulation of the transport equation, which allows for the use of the same methods as for the MHD equations. This scheme is based on the expansion of the radiative intensity in its zeroth and first angular moments, i.e. the energy and momentum densities of the neutrinos, E and F, respectively, and closing the system of equations by a local algebraic relation for the second moment, the radiation pressure tensor, P i j . Among several possible choices for P i j , we select the one based on the maximum-entropy Eddington factor. Consequently, we solve for each active neutrino species (in our case, three: ν e ,ν e , and ν X comprising all the other flavors) and for each neutrino energy, ε, a system of one scalar and one vector equation:
where i and j are indices which run across the three spatial dimensions. The equation for the moment of degree n contains the divergence of a flux involving the moment of degree n + 1 and a term describing the advection with the local fluid velocity, v. This term of the equations is hyperbolic and is treated by the same methods as the MHD equations. Velocity and gravity are included in the O(v/c) − plus approximation of [48] . Velocity terms represent Doppler shifts and aberration and the effects of fluid acceleration, while gravitational redshift and aberration are contained in the terms involving the lapse function, α, which we approximate as a function of the gravitational potential as α = exp(φ/c 2 ). The source terms, Q, on the r.h.s. of the moments equations describe the exchange of energy, momentum, and lepton number in reactions between neutrinos and matter. Therefore, they have exact counterparts in the energy, momentum, and electron fraction equations of the MHD system. We use a comprehensive set of reactions containing the absorption and emission of neutrinos by charged-current reactions of nucleons and nuclei and by pair processes (annihilation of electron-positron pairs and nucleon-nucleon bremsstrahlung) and scattering off nucleons, nuclei, and electrons/positrons (in the latter case, also accounting for energy transfer in non-isoenergetic scattering). Because the possibly very short time scales of reactions between matter and neutrinos can make terms very stiff, we employ implicit time integrators for their solutions.
Tests performed by [33] demonstrate that the code produces results that agree very well with the known solutions of simple problems and, in the case of core collapse simulations, with those given by state-of-the-art Boltzmann codes.
B. Sterile neutrino transport
We adopted the same transport scheme for the sterile neutrinos. However, lacking expressions for the dependence of many of their reactions with matter on their energy, we simplified the problem by using the set of grey, rather than spectral, moments equations, integrating Eqs. (23) and (24) over ε. We note that the two-moment system is, strictly speaking, valid only for massless particles (propagating at the speed of light) and using it for massive sterile neutrinos is not fully accurate and justified. However, both kinds of simplifications should not exceed the uncertainties related to input physics from the sterile neutrino models. This is why, we find using this scheme justified for the kind of exploratory study that reported here.
The most important ingredients that we take from the theory of sterile neutrinos are the rates at which sterile neutrinos are produced, their decay, and cross sections for their scattering off matter. In the two-moment scheme, the latter two processes contribute to the total opacity
where "a" and "s" stand for absorption and scattering, respectively. The opacity has units of cm −1 , i.e., κ = σn, where σ is a cross section and n is the number density of target particles such as nucleons, nuclei, or electrons. In Eq. (23), only processes that exchange energy between neutrinos and matter appear. The source term reads
where Q P = Q FKP/AMP is the production term in the FKP or AMP model given by Eq. (9) or Tab. II in Appendix A, respectively. Scattering and absorption reactions contribute to the momentum exchange, leading to the source term
Within this framework, we can incorporate the reaction rates of AMP and FKP using the same numerical algorithm despite the physical differences between both models. In the following calculations, we assume that γ h β h ≈ 1, where β h ≡ v h /c is the sterile neutrino velocity in terms of the speed of light. A more detailed discussion on the validity of this approximation can be found in Appendix B.
In the AMP model, the absorption opacity can be estimated with the help of Eqs. (15) and (21) as
where n e and n p are the number densities of electrons and protons, respectively. Furthermore, using Eq. (20), we obtain
In FKP model, the total opacity is given by
(i.e., there is no scattering opacity) and using Eq. (7), we estimate
(31) We also assume that once sterile neutrinos decay, the energy (and momentum) carried by created photons (given by Eqs. (22) and (12) in the AMP and FKP models, respectively) will be reabsorbed by matter and converted into thermal energy. The energy (and momentum) carried by the active neutrino created in the decay will be, depending on the density where the decay occurs, carried away from the system if ρ < 10 8 g cm −3 or reabsorbed by the system because of the neutrino trapping for ρ > 10 10 g cm −3 . For densities 10 8 g cm −3 < ρ < 10 10 g cm −3 , we use a logarithmic interpolation between these two regions. Note that this is a phenomenological prescription that we use instead of generating another active neutrino in the code.
Taking into account the large uncertainties in all processes involved and the relatively simple approach for modelling the sterile neutrinos (non-spectral transport, no velocity terms, assumptions on the neutrino velocity and Lorentz factor), we will consider neutrinos with a lifetime of up to τ h = 1 s, i.e., slightly exceeding the bound from primordial nucleosynthesis, but still of the same order of magnitude.
C. Numerical setup
For this study, we restrict ourselves to spherical symmetry and single progenitor star of zero age main sequence mass M ZAMS = 15 M , namely model s15s7w2 of [49] . We deem the latter restriction justified as our goal is not arriving at detailed predictions for specific stars. Therefore, we selected a standard star whose evolution is well understood as it served as a test case in several previous studies. The spherical symmetry certainly limits the applicability of the simulations to real stellar core collapse, but we accept it for such a first step towards exploring the principle order of magnitude of the effects of sterile neutrinos. If indeed our study indicate interesting effects, it should be followed up by a more thorough investigation with multidimensional simulations.
We set up the simulations by mapping the pre-collapse model to a grid of 608 zones extending to r max = 10 6 km with spacing ∆r = 0.0186r + 0.2 km. This numerical resolution has been chosen on the basis of our previous experience in the simulation of supernova explosions with standard active neutrinos [e.g. 15, 50, 51] , as well as a convergence study whereby one of the models incorporating sterile neutrinos has been rerun with resolutions two and three times larger than in our default numerical set up (see Tab. I and the discussion in Sec. IV). We evolve the core with different settings for the sterile neutrinos through collapse up to 1 s after bounce. Without sterile neutrinos, we observe the common outcome of core collapse in spherical symmetry, viz. the formation of a PNS and a failure of the SN explosion as the shock wave stalls at a maximum radius of 141 km and is never revived, eventually leading to collapse to a black hole (BH) on much longer times scales.
IV. RESULTS
We begin our analysis with the reference simulation (model R from Tab. I) which was run only with the three active neutrino flavors. For an overview of the evolution, we refer to the upper left panel of Fig. 2 displaying entropy, neutrino cooling and heating, and contours of the gas density as a function of time and radius, as well as shock, gain and electronneutrinosphere radii. After bounce (t = 0 ms), the shock wave of the reference model (green solid line) stalls at a maximum radius of r sh = 141 km at t ≈ 65 ms. Afterwards, neutrino heating (mapped with shades of orange in the bottom subpanel) deposits energy in the post-shock region as well as outside the shock. As a result, the entropy (the top subpanel) behind the shock increases and a standard hot bubble forms. The active neutrino heating, however, is insufficient to revive the shock wave. Hence, it slowly recedes to a radius of r sh ≈ 30 km at t = 1000 ms. The contraction is briefly interrupted at t ≈ 160 ms when the density of the infalling matter quickly drops while its entropy increases as the surface of the iron core falls through the shock. The reduction of the ram pressure thereby produced is, nevertheless, insufficient to spur the escape of the receding shock, differently to what may happen in similar multidimensional rotating and magnetized models [15, 52] . Taking the radius of the electronneutrinospheres as a proxy for its radius (magenta line), we find that the PNS contracts gradually while it accretes matter. We note that the evolution continues for much longer than the 1000 ms of post-bounce time shown here and ends once the accretion of matter increases the PNS mass beyond the stability limit imposed for self-gravitating objects, which for our EOS lies above a baryonic mass of M max 2.45 M . At that point, the PNS will collapse to a BH. The maximum temperature of the PNS (black solid line in Fig. 3 , which is located at a radius marked with the dashed line of the same color) increases throughout the simulation, as more energy is provided to the PNS through accretion of mass and contraction (which releases gravitational energy; see the dashed lines in the figure) than extracted by the production of active neutrinos (neutrino cooling).
Next, we discuss the model A3 (from Tab. I, see the upper right panel of Fig. 2 as well as the left panel of Fig. 4 , and Fig. 5 ) which was run with (apart from the active neutrinos) sterile neutrinos of AMP with the default parameters considered by those authors, i.e., m h = 50 MeV/c 2 , µ h = 10 −9 ( c) 3/2 MeV −1 and µ tr = 10 −11 ( c) 3/2 MeV −1 . The production of sterile neutrinos at the center of the core adds an additional channel for cooling. As model A3 demonstrates, the rate at which sterile neutrinos are produced ( Fig. 4 ; blue dashed line), calculated as
can exceed the luminosity of active neutrinos significantly. At bounce, the cooling by sterile neutrinos (Q h cool ≈ 10 50 erg s −1 ) is much lower than that by active neutrinos ( 10 53 erg s −1 ; with black solid line, neutrino luminosity L ν is marked as its proxy). While the latter goes through the neutrino burst and then settles to a relatively constant value L ν ∼ 10 53 erg s −1 , the production of sterile neutrinos is significantly enhanced due to a rapid increase of the central temperature (from T = 12 to 27 MeV/k B ; see the solid blue line in Fig. 3 ). Already at t ≈ ; light blue isocontours). Lower subpanels: total (i.e. active and sterile) neutrino heating (shades of orange) and cooling (shades of blue), enclosed mass (in solar masses, white isocontour), explosion radius (yellow line). In both panels: shock radius (green line), neutrino sphere radius (proxy for the PNS radius; magenta), and gain radius (dashed salmon). Note that the color scales as well as the radial (vertical) and temporal (horizontal) scales may vary from panel to panel.
18 ms both production rates become equal (≈ 2 · 10 53 erg s −1 ), and at t ≈ 67 ms, the production rate of sterile neutrinos reaches its peak (Q h cool ≈ 1.6 · 10 54 erg s −1 ; T ≈ 27 MeV/k B ) being one order of magnitude larger than that of active neutrinos. Afterwards, the central temperature (and hence the production rate of sterile neutrinos) starts to slowly drop, reaching T ≈ 26 MeV/k B at t = 168 ms. As a consequence, the PNS loses energy at a higher rate and contracts faster. This can be clearly seen from the upper panels of Fig. 2 where the evolution of the (electron) neutrinosphere (as a proxy for the PNS radius) is marked with magenta for the reference (left) and A3 (right) models. At t = 100 ms, the PNS radius in the TABLE I. Simulations performed with active neutrinos (R -reference model) or additionally sterile neutrinos of the AMP model (A) or the FKP model (F). The columns from left to right give: sterile neutrino model, sterile neutrino mass, production efficiency w.r.t. the default parametres in the AMP (Eq. 18) and the FKP (Eq. 10) models, transition moment (Eq. 16), and sterile neutrino mean free path (neglecting scattering). In the case of a successful explosion, further columns give: explosion time, explosion radius, remnant mass and explosion energy. These latter three quantities are determined at the end of the simulation (given in the last column) and can change with time. latter is r ≈ 26 km, whereas in the former r ≈ 65 km, (the radius r ≈ 26 km being reached only at t ≈ 400 ms).
The combination of a much more compact core together with a faster cooling contributed by the sterile neutrinos in model A3 yields much larger density gradients (of about one order of magnitude per grid zone) at the surface of the PNS in this model than in the reference one. These gradients grow with time and cause the code to fail after about 170 ms, because it cannot recover the thermal pressure in a narrow region exterior to the remnant PNS. However, this is not an insurmountable problem for the purpose of our study because the explosion takes place much earlier than the code failure, 2 allowing us to draw the qualitative conclusion that the action of sterile neutrinos makes viable the explosions of models which otherwise are not exploding.
Indeed, in order to guarantee that our results are minimally polluted by the finite grid resolution employed, we have rerun model A3 with double (model A3D) and triple (model A3T) number of grid zones. We find that the evolution of the explosion energy and of the unbound mass converge for the first 4 . Total (volume integrated) cooling rate due to active (black) and sterile (blue dashed line) neutrinos, and total heating rate due to active (orange) and sterile (red) neutrinos in A3 (left) and F3 (right) models from Tab. I. The cooling due to active neutrinos is equivalent to the luminosity they would have if only SM processes were included. The decays of sterile to active neutrinos add an additional contribution to their total luminosity, which is shown by the greed dash-dotted lines.
t ≈ 130 ms (Fig. 5 ) with small discrepancies appearing only shortly before the code failure. The explosion properties (t expl , r expl and E expl ) and the remnant mass (M c ) listed in Tab. I are compatible within 20% accuracy (the main reason of these slight deviations being different final simulation times).
Due to their short lifetime of 2.6 ms and because they suffer multiple elastic scatterings with charged matter, the sterile neutrinos in A3 model decay within the core and deposit a large fraction of their energy inside a radius r = 790 km. Thus, the temporal evolution of the total heating rate by sterile neutrinos
(solid red line in the left panel of Fig. 4) is, except for a brief time delay, the same as that of their production (dashed blue line). Depending sensitively on gas density and temperature, the production term drops at the outer edge of the PNS. Consequently, all the gas outside the PNS is exposed to heating by the decaying sterile neutrinos at an extraordinarily large rate exceeding a lot that due to active neutrinos. Thus, the shock wave does not stall its expansion at all. We compute the explosion energy and the ejecta mass (i.e., the unbound mass; see Fig. 5 ), respectively, as
where H is the Heaviside step function and e tot = e kin + e grav + e int ,
with e kin , e grav , and e int being the specific kinetic, binding (gravitational) and internal energy, respectively. The explosion radius, r expl , (if exists) is defined as the innermost radius where the integral in Eq. (34), as well as both the radial velocity (v r (r expl ) > 0) and total specific energy of the fluid element, e tot , are positive. We define the explosion time as the moment when such an explosion radius is found. The (time dependent) explosion radius r expl is marked with a yellow line in the bottom half of the middle panel of Fig. 2 . Note that according to our definition, not necessarily all fluid elements located at r > r expl , have positive e tot (there can be layers of the star, sufficiently far above r expl , where e tot < 0 since they have not been affected by the explosion dynamics yet). However, the total energy is sufficient to unbind even the gas with a negative total energy outside r expl . Indeed, in model A3, M expl = 0.64 M (black dashed line in Fig. 5 ) by the end of simulation even though the mass contained between r expl and r max is 3.32 M . For model A3, we find an explosion as early as t expl = 36 ms, i.e. we might classify the model as a prompt explosion.
Once an explosion sets in and the gas surrounding the PNS reaches positive (radial) velocities, the accretion ceases (see the mass shell lines of 1.2 M and 1.3 M in Fig. 2) . Hence, the growth of the PNS mass effectively stops at values of M PNS 1.26 M at t = 168. Thereby, this model is unlikely to produce a BH, even though the PNS may continue to contract as it loses internal energy by neutrino radiation. The key difference between the heating by active and by sterile neutrinos is that the latter has a contribution that does not come from reactions between neutrinos and matter, but from the direct decays of sterile neutrinos. Therefore, the heating rate associated to this process does not depend on the local thermodynamics such as density, electron fraction, and temperature, but is directly given by the neutrino lifetime. Hence, sterile neutrinos can efficiently heat even cold matter at low densities where the interactions with active neutrinos are far too infrequent for active neutrinos to be significant. This effect leads to the asymptotic value of the absorption opacity for the sterile neutrinos at high radii (solid green line in Fig. 6 ), which exceeds that for active neutrinos (solid black line) outside of a few hundred km. It should be furthermore noted that the strong drop of the absorption opacities for the active neutrinos as well as the scattering opacities for both kinds of neutrinos at the location of the shock wave (r sh ≈ 70 km) is not present in the absorption opacity of sterile neutrinos.
This important property of heating by sterile neutrinos causes several peculiar differences from explosions driven by active neutrinos. First of all, as neutrino heating is not essentially limited to the post-shock layer, the explosion encompasses very quickly a very large radial range. The shock radius (green line in the right panel of Fig. 2 ) reaches a radius of r sh ≈ 7040 km at t = 168 ms. At this point, E expl = 4.2 · 10 52 erg and M expl = 0.64 M , and the fastest outflow velocities exceed 2 · 10 10 cm s −1 . All of these values are still rising by the end of the simulation (Fig. 5 ) Remarkably, the very high explosion energy is in the range of the most luminous hypernovae [53] [54] [55] . Secondly, as much of the heating occurs at relatively low densities and temperatures (note the high val- ues of the specific heating rate; bottom subpanel of the upper right panel of Fig. 2 at r > 1000 km ), the energy deposition corresponds to a very strong increase of the gas entropy. We find specific entropies in excess of s > 10 4 k B /baryon in the ejecta and temperatures of 0.5 MeV/k B . This combination of conditions should lead to events that strongly differ from the standard model for supernovae in terms of their observational properties as well as their nucleosynthethic yields. We note that a part of the energy of the decaying sterile neutrinos should go into active neutrinos, which will stream out from the place of their creation almost freely. Hence, also the light curves of active neutrinos should be strongly increased. We did not compute this effect, however.
Next, we discuss model F3 (Tab. I, see the bottom left panel of Fig. 2 as well as the right panel of Fig. 4 and Fig. 5 ) which was run with sterile neutrinos of FKP with the default parameters considered by those authors, i.e., m h = 200 MeV/c 2 and sin 2 θ = 5·10 −8 . The production rate (Eq. 9) exhibits a considerably different dependence on the local thermodynamic conditions, most notably on temperature, w.r.t. the AMP model. Compared to model A3, it takes longer for sterile neutrinos to be generated at significant rates (cf. the dashed blue lines in the left and right panels of Fig. 4) . Furthermore, their production rate saturates at a level that is about one order of magnitude below that of active neutrinos. Consequently, they only have a relatively minor influence on the evolution of the PNS whose thermal evolution and contraction are similar to those of the reference model. Within the time of the simulation (i.e., 1000 ms), the radii of the two PNSs differ only slightly, as shown by the top and bottom left panels of Fig. 2 . The sterile neutrinos leave an imprint in the evolution of the maximum temperature of model F3 reaching a maximum of T max ≈ 49.5 MeV/k B at t ≈ 900 ms, while it continuously rises to a final value of T max ≈ 52 MeV/k B at the end of the simulation of model R (see the solid red and black lines, respectively, in Fig. 3) .
Another difference between A3 and F3 models is that in the latter, sterile neutrinos have a much longer lifetime of τ h = 66 ms. This leads to two effects. First, there is a noticeable delay between the production of a sterile neutrino and its eventual decay. Hence, its energy is temporarily unavailable to the system. This causes a retardation of the heating by sterile neutrinos w.r.t. the cooling (see the right panel of Fig. 4) . Second, and more importantly, sterile neutrinos typically travel a (much longer) distance of about τ h c ≈ 2 · 10 4 km before decaying. This is not only due to their much lower absorption opacity (see the red line in Fig. 6 ), but also because, unlike in the AMP model, once produced in the center, they propagate outwards unscattered. Hence, heating by sterile neutrinos does not occur behind the stalled shock, but rather outside the inner core. Consequently, model F3 also explodes, but does so in a very different way. The decaying neutrinos unbind matter at radii r 4600 km triggering an explosion at time t expl ≈ 582 ms. The effect is most notable at several 10,000 km, where the deposition of a large amount of energy into gas of rather low density (ρ 10 4 g cm −3 ) lends itself to a strong increase of the entropy (the bottom left panel of Fig. 2 ). After heating for several hundreds of milliseconds, we find by the end of the simulation an explosion energy E expl ≈ 1.3·10 51 erg carried by a mass of M expl ≈ 1.4 M with a maximum expansion velocity of v max ≈ 1.9 · 10 8 cm s −1 . Even though these values are within the range of standard CCSN explosions, we expect this model to produce an electromagnetic signal significantly differing from common events because of the relative absence of heavy elements in the ejecta. This is because only matter from outside the iron core is unbound and the low densities and temperatures would suppress most reactions relevant to explosive nucleosynthesis. We point out that the aforementioned independence of the heating of local thermodynamic conditions is crucial for this explosion mechanism.
So far, we have only considered sterile neutrinos of AMP and FKP with the default parameters chosen by those authors. However, in both models, sterile neutrinos are characterized by, respectively, three and two free parameters that only have rough constraints from particle physics theory and experiments. In AMP, these are: mass, m h , magnetic dipole moment, µ h , and dipole transition moment, µ tr , whereas in FKP: mass, m h , and mixing angle, sin 2 θ.
In simulations A1-A6, we vary the transition moment of the sterile neutrinos, µ tr , which influences their lifetimes, τ h = 2.6 · 10 −5 , . . . , 1 s, (Eq. 15) and the cross section on their capture through inelastic collisions with charged particles (Eq. 21). For the shortest lifetimes (model A1), the sterile neutrinos travel only a few kilometeres from their production site before decaying. As a consequence, they do not contribute to the energy transmission from the PNS to outer layers. Instead, an equilibrium between matter and trapped neutrinos is established. The dynamics basically is the same as in the reference model, i.e. no explosion is launched.
Intermediate lifetimes, corresponding to typical propagation distances of several tens to hundreds of kilometeres result in successful shock revival.
The most long-lived neutrinos that we investigated (models A5 and A6; for the latter see the bottom right panel of Fig. 2 ) behave similarly to model F3 discussed above. Explosions are launched not by reviving the stalled shock wave, but by ejecting the outer shells of the star. However, sterile neutrinos are produced more efficiently than in model F3, which yields more energetic explosions. In fact, the explosion energies in models A5 and A6 are in the range of hypernovae. Furthermore, the matter unbound by neutrino heating reaches extremely high entropies in excess of s 10 4 k B /baryon.
In another series of simulations A3, A7-A10, we vary the magnetic moment, µ h , which influences the cross section of the sterile neutrinos for elastic scattering with protons (Eq. 20), and, more importantly, their production rate (Eq. 17). Figure 3 displays a positive correlation between q AMP and the reduction of the maximum PNS temperature reached in the course of the evolution (w.r.t. the reference model). We find that the dependence of explosion time and energy on q AMP (Eq. 18) is nonlinear. Models A7, A8, and A9 with q AMP = 10 −1 , 10 −2 , 10 −3 , respectively, produce quick and strong explosions, yet in the case of models A8 and A9 less energetic than model A3 (q AMP = 1). A further reduction to q AMP = 10 −4 (model A10) does not yield any explosion.
We finally note that the third free parameter in the AMP model, i.e., the sterile neutrino mass, m h , does not introduce a new kind of dynamics. It influences both their production rate (Tab. II) and lifetime (Eq. 15). One can vary either m h or adequately both µ h and µ tr achieving the same effect. The FKP family of models has only two free parameters, neutrino mass, m h , and the mixing angle, sin 2 θ. Both of them affect sterile neutrino production rate (see Eqs. 9-11) and lifetime (Eq. 7). Hence, this is the first difference w.r.t. the AMP model, where these quantities can be tweaked independently. Compared to the AMP model with the default parameters (A3), the life times of the FKP neutrinos are long. Thus, explosions of the type found for model F3, i.e. an expulsion of the outer layers are rather common here. Furthermore, the explosions are on average weaker and occur later than in the AMP models. The higher m h , the stronger this tendency. For the heaviest FKP neutrinos (m h = 250 MeV/c
V. SUMMARY & CONCLUSIONS
We have performed 1D simulations of the core collapse of a single progenitor star of M ZAMS = 15 M with the two models of [29] and [30] for sterile neutrinos in the mass range of 50 to 250 MeV/c 2 that can be produced by several different channels and decay into active neutrinos and other particles of the SM. In both models, the interactions of the neutrinos depend on a few unknown free parameters (in both cases the neutrino masses, moreover, for the FKP model the mixing angle, and for AMP the magnetic moment as well as the transition moment), which we varied in order to assess their influence on the dynamics of core collapse and find potentially excluded combinations of values. The progenitor (model s15s7w2 of [49] ) is known to fail producing a successful explosion in 1D simulations with only active neutrinos, as we verify in our reference model to which the simulations with sterile neutrinos are compared.
We find that the AMP model [30] with the default parameters (i.e., m h = 50 MeV/c 2 , µ h = µ predicts very large production rates of sterile neutrinos in core collapse. They are responsible for a very efficient energy transfer (i.e., neutrino cooling and heating) from the PNS to the postshock matter and consequently a successful explosion. In fact, the explosion energy, higher than 10 52 erg, corresponds to the branch of hypernovae. However, hypernovae are only fairly rare among stellar core collapse, and their energies clusters at ∼ 10 52 erg with an upper limit of ∼ 2 · 10 52 erg [54] . Taking all these facts together, we may exclude a large part of the parameter space for the magnetic and transition moments, including the reference values of AMP, µ lead to a new type of explosions. Their long lifetimes allow them to travel through the shock and only decay and release their energy in the pre-shock matter. Such an explosion would produce an electromagnetic signal significantly differing from common events because of the relative absence of heavy elements in the ejecta. The (much better constrained) sterile neutrino mass, m h = 50-80 MeV/c 2 , has a secondary impact on the dynamics of the core collapse. Moreover, we find that there is a certain degeneracy of the three dimensional parameter space (m h , µ h , µ tr ) of the AMP model (cf. models A11 and A12).
Sterile neutrinos in the FKP model [29] can only produce the above mentioned new type of explosions, that is to say, not through shock revival, but by heating up and blowing off matter that has not yet reached the shock.
We conclude that sterile neutrinos of both models can have a significant impact on the dynamics of the core collapse. In fact, for some paramers (allowed by the state of the art particle physics), they can lead to too energetic explosions (in the case of the AMP model). Hence, with the help of the astrophysics data and our simulations, it is possible to further constrain the parameter space of the hypothetical sterile neutrinos. We plan to perform simulations with more progenitor stars with this goal in mind.
In the spherically symmetric simulations, many (magneto)-hydrodynamical phenomena like convection, the standing accretion shock instability (SASI), and the magnetohydrodynamical phenomena are suppressed. However, they are of crucial importance for CCSNe, as multi-dimensional models show [12, 13] . They can, in particular, lead to successful supernova explosions completely without contributions from non-standard particle physics such as sterile neutrinos (although still not matching all observational data). This fact may seemingly remove the necessity to include sterile neutrinos in supernova models. However, we argue that, besides the possibility of constraining neutrino models by simulations of core collapse, our models show that sterile neutrinos can be produced at large rates even in models where they do not cause a dramatic change in the dynamics. In such cases, though not the dominant component in the models, their influence might manifest in more indirect ways. They may affect the development of the aforementioned instabilities by, e.g. modifying the thermal stratification of the core or change the cooling of the PNS over the first few seconds after its formation. Moreover, the entropy stratification in the PNS may be significantly affected by the copious numbers of sterile neutrinos effectively carrying entropy from the PNS center to its outer layers. The most relevant consequence of such a dynamical change could be the (partial or total) damping of the convection close to the PNS surface. Since it is in principle possible to observe these convective motions through the fingerprint that leave on the gravitational wave signature (see, e.g., [56, 57] ), understanding the changes induced by the action of sterile neutrinos there is important. Furthermore, sterile neutrinos can act as a source of viscosity (as standard neutrinos). Thus, they may also impact the development of the magneto-rotational instability (e.g., [58] ). Furthermore, the production of many nuclei in supernovae is sensitive to the detailed thermodynamic conditions of the ejecta, which might allow to infer the existence and the properties of sterile neutrinos from the nucleosynthetic yields of explosions. We find it worthwhile to investigate these effects in future multi-dimensional simulations. 
